The double-stranded DNA bacteriophage PRD1 uses an IncP plasmid-encoded conjugal transfer complex as a receptor. Plasmid functions in the PRD1 life cycle are restricted to phage adsorption and DNA entry. A single phage structural protein, P2, located at the fivefold capsid vertices, is responsible for PRD1 attachment to its host. The purified recombinant adsorption protein was judged to be monomeric by gel filtration, rate zonal centrifugation, analytical ultracentrifugation, and chemical cross-linking. It binds to its receptor with an apparent K d of 0.20 nM, and this binding prevents phage adsorption. P2-deficient particles are unstable and spontaneously release the DNA with concomitant formation of the tail-like structure originating from the phage membrane. We envisage the DNA to be packaged through one vertex, but the presence of P2 on the other vertices suggests a mechanism whereby the injection vertex is determined by P2 binding to the receptor.
Virus-cell interactions are specific. The first step in virus propagation is the attachment to the cell via recognition of and binding to the receptor structure. Virus receptors consist of cellular surface components that interact with the receptor binding protein, the virus-encoded counterpart of a receptor. This interaction then leads to the delivery of the viral nucleic acid into the cell cytoplasm. A substantial amount of information is available on the initial steps of bacteriophage infection of Escherichia coli T-like and filamentous phages. In tailed phages (like T1, T4, and T5), the tail proteins form a channel spanning either the outer membrane or all envelope layers of the gram-negative cell and this channel is used to inject the genome while the capsid is left outside (for a review, see reference 22) . In filamentous phages (fd), the major capsid protein is inserted into the membrane, forming a pore (reviewed in reference 22). Enveloped bacteriophages with virion structure analogous to that of the enveloped viruses of higher organisms exhibit entry mechanisms different from that of the DNA phages, as the entire virion (or a substructure) is internalized by the process of membrane fusion (6, 44) . However, the entry mechanism of bacteriophages with a membrane as an internal component of the virion most probably exhibits a novel system for the DNA delivery.
The broad-host-range double-stranded DNA (dsDNA) bacteriophage PRD1, capable of infecting a variety of gram-negative bacteria, is composed of an icosahedral outer protein capsid and an internal membrane (2, 7, 41) . The membrane vesicle encloses the 14,925-bp-long linear dsDNA genome (9, 15) . The phage genome contains inverted terminal repeats at both ends (48) and a covalently linked protein at each 5Ј terminus (4, 5) . The DNA is replicated by a phage-encoded polymerase via a protein-priming mechanism (16, 49) . The protein coat is composed of the major capsid protein P3 organized on a pseudo T ϭ 25 lattice (15) . The fivefold vertices are built up by a spike structure comprised of three proteins, P31, P5, and P2 (45) . There are a number of intriguing functional and structural similarities between PRD1 and adenovirus.
These include genome organization and replication strategy, capsid organization, and major coat protein fold, as well as the structure and function of the fivefold receptor binding structure (10, 15, 45, 46, 50) . In this context, it should be noted that phage PRD1 protein P2 is the structural equivalent of the adenovirus receptor binding spike knob (protein PIV distal domain) (52) . For a detailed description of the PRD1 system, see the review by Bamford et al. (3) .
PRD1 infects cells harboring a conjugative plasmid, such as IncP plasmid RP4 (43) . Plasmid functions are only involved in host cell recognition and DNA penetration (21, 35) . The plasmid encodes the phage receptor complex, a cell envelope structure bridging the inner and outer membranes (25) . Receptor saturation experiments suggest that there are approximately 25 and 60 receptors per cell in E. coli and Salmonella typhimurium, respectively (20, 30) . This IncP-encoded multiprotein structure functions also as a mating pair formation complex-DNA transfer apparatus in bacterial conjugation (32, 42, 55) .
Isolation and analysis of phage nonsense mutants revealed that PRD1 adsorption is dependent on one phage-specific structural protein, P2 (36, 37) . P2 is a minor protein, the copy number being about 10 per virion (21, 36) . In addition, at least three other phage structural proteins (P11, P16, and P18) are involved in the DNA entry (37) . In wild-type virus, a tubular tail-like structure, derived from the viral membrane and protruding through one vertex, has been reported (15, 33) . Tail formation is dependent on at least protein P18, since a mutation in the corresponding gene prevents tube formation (2) . Here we show that purified recombinant P2 is a monomeric protein able to interfere with the binding of the virus to its receptor. It is also a stability factor that secures that the DNA injection process does not start before the virus binds to its receptor. A novel DNA ejection mechanism is proposed involving the formation of the tail tube at the vertex that binds to the receptor.
MATERIALS AND METHODS
Bacteria, plasmids, and phages. The bacterial strains used in this study were E. coli K-12 HMS174 (F Ϫ recA hsdR) (18) and JE2571 (leu thr thi lacY thy pil) (13) and S. typhimurium LT2 DB7154 (supD) (36) (47) . When appropriate, ampicillin (100 g/ml) and/or chloramphenicol (10 g/ml) were added. Phage PRD1 (41) was propagated on S. typhimurium DS88, and its mutant derivatives sus1 (36) , sus170 (36) , and sus539 (45) were propagated on the suppressor strains PSA(pLM2), DB7154(pLM2), and DB7156(pLM2), respectively. For the production of wild-type and mutant phage particles, DS88 cells were infected at a multiplicity of infection of about 5. After lysis, the particles were concentrated and purified by rate zonal sucrose gradient centrifugation, as previously described (8) . The virus zones from the sucrose gradients were further purified by ion-exchange chromatography on MemSep cartridges (Millipore) as described by Walin et al. (53) .
14 C-labeled wild-type and mutant (sus170) PRD1 viruses were produced and purified as described by Kotilainen et al. (30) . The phage particles from the lysate were concentrated and purified in sucrose gradients. Two virus zones, containing empty (DNA-less) or filled (DNA-containing) particles, were collected. The specific activities obtained were 2.0 ϫ 10 5 and 2.4 ϫ 10 5 cpm/g of protein for empty and DNA-containing wild-type particles, respectively, and 1 ϫ 10 5 cpm/g for the DNA-containing sus170 mutant particles. The plasmids and phages used are listed in Table 1 .
Cloning of gene II. Standard molecular cloning techniques were performed as described by Sambrook et al. (47) . The coding sequence for PRD1 gene II (for nucleotide numbering, see reference 9) was amplified by PCR and inserted into plasmid pMS470⌬8, resulting in plasmid pMG59. For the cloning strategy, see Table 1 . The plasmid construct contains the strong controllable P tac promoter and the ribosome binding site of phage T7 gene 10 (23).
Expression and purification of protein P2. E. coli HMS174(pMG59) cells were grown in LB medium containing ampicillin at 37°C to a density of about 2 ϫ 10 8 CFU/ml. Synthesis of protein P2 was induced by the addition of isopropyl-␤-Dthiogalactopyranoside to a final concentration of 1 mM, and the cells were incubated for another 3 h at the same temperature. Bacteria were collected (Sorvall GS3 rotor, 5,000 rpm, 15 min, 5°C) and resuspended in 1/50 of the original culture volume of 50 mM Tris-HCl, pH 7.4. After freezing at Ϫ20°C and thawing, bacteria were disrupted by three passages through a French pressure cell (15,000 lb/in 2 ). Urea was added to a final concentration of 1 M, and the cell debris was removed by centrifugation (Sorvall SS-34 rotor, 12,000 rpm, 20 min, 5°C). The supernatant was further cleared by centrifugation (Sorvall T865 rotor, 25,000 rpm, 3 h, 10°C). To the resulting supernatant, saturated ammonium sulfate was added to 25% saturation, and the precipitated proteins were collected (SS-34 rotor, 10,000 rpm, 30 min, 5°C). The pellet was resuspended in 50 mM Tris-HCl (pH 8.2)-50 mM NaCl and dialyzed overnight in the cold against the same buffer, with several changes. After clearing of the solution (SS-34, 10,000 rpm, 10 min, 5°C), proteins were loaded at a flow rate of 1 ml/min onto a Source 15Q column (Pharmacia) that had been equilibrated with the same buffer. Bound proteins were eluted by a linear NaCl gradient up to 1 M. Fractions containing P2, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were pooled and dialyzed overnight in the cold against 50 mM potassium phosphate, pH 7.2, containing 12% ammonium sulfate. The solution, cleared as described above, was loaded (0.5 ml/min) onto a phenyl-Superose HR 5/5 column (Pharmacia) equilibrated with the same buffer, and bound proteins were eluted with a linear gradient of decreasing ammonium sulfate concentrations. Fractions containing P2 were pooled, and the proteins were precipitated by the addition of ammonium sulfate to 30% saturation. After collection of the proteins by centrifugation as described above, the pellet was resuspended in 50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 1 M urea, and 1 mM 2-mercaptoethanol and P2 was further purified by gel filtration on a Hi-Load 16/60 Superdex 200 column (Pharmacia) equilibrated with the same buffer. Fractions containing purified protein P2 were stored on ice.
To obtain 35 S-labeled protein P2, cells were grown as described above but in M9 medium supplemented with all of the amino acids except methionine and cysteine. Fifteen minutes after the addition of the inducer, [ 35 S]methionine (Ͼ1,000 Ci/mmol; Amersham) was added to the culture (10 Ci/ml) and the incubation was continued for another 4 h. The cells were collected as described above, resuspended in ice-cold water, pelleted again, and frozen at Ϫ20°C. One molar urea (in 50 mM Tris-HCl, pH 7.4) was added to the thawed pellet, and the cells were broken by sonication (Ultrasonics Ltd. Sonifier; eight bursts of 30 s with 90-s intervals; the samples were placed on ice-water). The suspension was cleared by centrifugation (SS-34 rotor, 10,000 rpm, 1 h, 5°C), and proteins were precipitated by addition of saturated ammonium sulfate to 25% saturation. Labeled protein P2 was purified as described above, with the exception that the last gel filtration step was omitted.
Determination of P2 monomeric status. Rate zonal centrifugation was carried out in 5 to 20% sucrose gradients made in 20 mM Tris-HCl (pH 7.4)-150 mM NaCl (Sorvall TH 641 rotor, 35,000 rpm, 24 h, 10°C). Hen egg white lysozyme (14 kDa; Boehringer), bovine serum albumin (67 kDa; Boehringer), and PRD1 P3 trimer (130 kDa) (51) were used as molecular mass markers. Gel filtration experiments were done with a Superdex 200 HR 10/30 column (Pharmacia) equilibrated with 50 mM Tris-HCl (pH 7.4)-150 mM NaCl. The molecular mass standards used were as described above. Cross-linking was performed with increasing concentrations (0.01 to 0.5%) of glutaraldehyde in 50 mM potassium phosphate buffer, pH 7.2. In order to minimize the formation of unspecific intermolecular cross-links, the protein concentration in the samples was adjusted to 0.4 mg/ml. After 2 h of incubation at 22°C, samples were prepared for and analyzed by SDS-PAGE. Sedimentation equilibrium experiments were performed in a Beckman Optima XL-I analytical ultracentrifuge (50Ti analytical rotor, 12,000 rpm, 4°C). P2 was diluted so that the loading concentrations were 0.5, 0.7, and 2 mg/ml. The distribution of the protein was determined by measuring the absorbance at 294, 297, and 301 nm over the cell radius. Data were analyzed by using the Origin computer program (Microcal Inc., Northampton, Mass.). A partial specific volume of 0.7232 ml/g and a monomer molecular mass of 63,821 Da were calculated from the known amino acid sequence of the protein (9) .
Phage adsorption test. Cells were grown to the optimal adsorption phase (approximately 2 ϫ 10 9 CFU/ml) (30) in LB medium. 14 C-labeled PRD1 was adsorbed to the cells for 15 min at 22°C. Cells were then collected by centrifugation and washed twice with 0.5 ml of LB medium. Radioactivity in the supernatant and pellet fractions was measured by liquid scintillation counting.
The reversibility of phage binding was analyzed by using the adsorption test, except that a 30-min equilibration was allowed between the washing steps. In another set of experiments, cells were transferred into 50 mM Tris-HCl (pH 7.2)-0.1% glucose.
14 C-labeled phages were added, reversibility was challenged by adding increasing concentrations of NaCl, and the incubation was continued for 15 min. The washing steps were carried out in the used NaCl concentrations.
Inhibition of phage adsorption by protein P2. Cells were grown to the optimal adsorption phase as described above. A constant number of cells (2 ϫ 10 8 CFU) and various amounts of P2 (cell lysate or purified protein; see above) were mixed in a volume of 70 l and incubated for 30 min at 22°C. The ability of P2 to interfere with phage binding was determined either by phage plaque assay or by the phage adsorption test. (i) In the phage plaque assay, approximately 200 PFU was added to the cell-P2 mixture, which was incubated for 15 min at 22°C. a The cloning vector is indicated, followed by the restriction enzymes used and the origin of the insert in parentheses. PRD1 and RP4 coordinates were taken from the GenBank/EMBL database (accession no. M69077 and L27758, respectively).
b Ap r , ampicillin resistance; Cm r , chloramphenicol resistance; Km r , kanamycin resistance; Tc r , tetracycline resistance. c The PCR primers used for amplification of gene II were OP173 (TTATTCATATGGCTAATTTCAACGTGCC) and OP174 (TTTATTAAGCTTACACCTTT GAAATAATTCCGC).
Thereafter, cells were collected by centrifugation and the amount of free (nonadsorbed) phage particles was determined by plating the supernatant on S. typhimurium DS88 cells. (ii) In the adsorption test, 14 C-labeled PRD1, at a multiplicity of infection of about 3, was added. After 15 min of incubation at 22°C, cells were collected by centrifugation and washed twice with LB medium. Radioactivity in the supernatant and pellet fractions was measured by liquid scintillation counting.
P2 binding assay. Cells (2 ϫ 10 8 CFU) and increasing amounts of 35 S-labeled protein P2 were mixed and incubated for 45 min at 22°C. Subsequently, cells were collected by centrifugation and the amounts of free and bound P2 were determined by measuring the radioactivity in the supernatant and pellet fractions.
P2 inactivation assays. Purified protein P2 (150 ng) was incubated for 15 min at different temperatures; this was followed by 10 min of equilibration to 22°C. Cells (2 ϫ 10 8 CFU) were added, and the adsorption inhibition assay was performed as described above. The effect of denaturing agents on P2 activity was tested by incubating 75 ng of P2 in the presence of 8 M urea or 5 M guanidine hydrochloride (GuHCl) for 15 min at 22°C. After that, the concentration of the denaturing agent was diluted to 1/10 of the original value and the incubation was continued for 30 min. The activity of the preparation was measured by the adsorption inhibition assay.
Polyclonal antiserum. Polyclonal antibodies against protein P2 were raised by immunizing a rabbit at 20-day intervals. For the primary immunization, the antigen (about 400 g) was emulsified with complete Freund's adjuvant. Incomplete adjuvant was used in the subsequent immunizations. The first two immunizations were done with a sample cut out as a single band from a preparative SDS-14% polyacrylamide gel. For the final booster, purified P2 was used as the antigen. The serum was collected 2 weeks after administration of the third booster, and its specificity was determined by immunoblotting as described below. Anti-P2 immunoglobulins G (IgGs) were purified from the serum by chromatography on a GammaBind G Sepharose column (Pharmacia) in accordance with the manufacturer's instructions.
The antiserum and the purified IgG fraction were tested for neutralization ability. Approximately 150 PFU was treated with antibody dilutions for 1 h at 22°C; this was followed by plating with S. typhimurium DS88 cells. The neutralization titer was the last antibody dilution giving 50% reduction in the plaque count. Radioimmunoprecipitation of 35 S-labeled protein P2 was performed by using protein A Sepharose CL-4B (Pharmacia) as previously described (29) . The preimmune serum and polyclonal antibodies directed against bacteriophage 6 protein P4 were used as negative controls.
Virus aggregation tests. 14 C-labeled wild-type PRD1 (about 10,000 cpm) or P2-deficient mutant sus170 (about 5,000 cpm) was incubated with serial antibody dilutions for 2 h at 22°C. Virus aggregates were collected by centrifugation, and the radioactivity in the supernatant and pellet fraction was measured by liquid scintillation counting. To test if purified P2 can block virion precipitation, anti-P2 IgGs (1:1,000 dilution) and serial P2 dilutions were incubated for 2 h at 22°C. After that, 14 C-labeled wild-type PRD1 (10,000 cpm) was added and the incubation was continued for 1 h at 22°C. Virus aggregates were collected as described above. Virus aggregation was also verified by electron microscopy by using a JEOL 1200 EX electron microscope operating at 60 kV. PRD1 wild-type and mutant (sus1 and sus170) particles were incubated with anti-P2 IgGs (1:500 dilution) for 1 to 2 h at 22°C; this was followed by negative staining (1% potassium phosphotungstate, pH 6.5).
Disruption of phage particles. Purified wild-type PRD1 particles in 20 mM Tris-HCl (pH 7.2) or in 20 mM potassium phosphate (pH 7.2)-1 mM MgCl 2 were treated with 2.5 M GuHCl for 30 min at 37°C (4). Samples were diluted 1:1 with the appropriate buffer and analyzed by rate zonal centrifugation in 10 to 40% sucrose gradients made in the same buffer (Sorvall TH 641 rotor, 30,000 rpm, 45 min, 20°C). Fractions (0.9 ml) were collected starting from the top by using a Piston Gradient Fractionator (BioComp Instruments, Inc.). Fractions were analyzed by SDS-PAGE and Western blotting as described below.
Stability analysis of P2-deficient phage particles. Affinity-purified DNA-containing wild-type and P2-deficient (sus170 or sus539) phage particles (3 mg of protein/ml) in 20 mM Tris-HCl (pH 7.4) or in 20 mM potassium phosphate (pH 7.2) were stored at 4°C. The viscosity of the preparation was monitored by visual inspection. The particles were also subjected, at appropriate intervals, to rate zonal sedimentation analysis through a linear 5 to 20% sucrose gradient, as well as to electron microscopy (see above). Due to high viscosity, the samples were digested with DNase I (50 g/ml [final concentration]) for 40 min at 22°C prior to application to carbon-coated grids. The effect of the DNase digestion was also verified by agarose gel electrophoresis.
Analytical methods. SDS-PAGE was performed as described by Olkkonen and Bamford (39) . Western blotting was done essentially as previously described (40) , after transfer of the proteins from SDS-polyacrylamide gels onto a polyvinylidene difluoride membrane (Millipore). Protein concentrations were determined with Coomassie brilliant blue by using bovine serum albumin as a standard (12) . N-terminal amino acid analysis of the purified protein was performed in a Beckman 890D sequencer after SDS-PAGE and blotting (9) . Circular dichroism (CD) spectra were recorded in a Jasco J-720 spectropolarimeter using a 1-mm path-length cell at the temperatures indicated in each case. The protein concentration of the samples was adjusted to approximately 35 g/ml in 20 mM TrisHCl buffer, pH 7.4. Each spectrum, recorded at a scan rate of 20 nm/min, was the average of five scans. The background contribution due to the solvent was subtracted in each case. Triton X-114 phase separation was performed essentially as described by Bordier (11), with incubation for 15 min at 30°C. After centrifugation, the radioactivity in the water and Triton X-114 phases was measured by liquid scintillation counting.
RESULTS
Cloning of gene II and purification of the gene product. The adsorption of phage PRD1 to its receptor on the cell surface is dependent on a single minor phage protein, P2 (21, 37) . In order to more closely characterize protein P2, gene II was cloned into plasmid pMS470⌬8. In this plasmid, a high level of protein expression is enabled by the strong P tac promoter and the ribosome binding sequence of phage T7 gene 10. The biological activity of the gene II construct was verified by genetic complementation using the PRD1 sus170 nonsense mutant, which is defective in P2. The complementation titer of PRD1 sus170 on cells containing the gene II clone was nearly the same as that obtained when the suppressor strain DB7154 (pLM2) was used.
For the purification of P2, cells overproducing the protein were lysed and debris was removed by ultracentrifugation. After precipitation of the proteins with ammonium sulfate, P2 was purified nearly to homogeneity by a combination of ionexchange, hydrophobic, and gel filtration chromatography steps, with a typical final yield of about 3 mg/liter of culture. The results of the purification steps are summarized in Fig. 1 .
In SDS-polyacrylamide gels, the purified protein displayed a molecular mass of approximately 65 kDa, very close to the molecular mass of 63,821 Da calculated from the sequence of gene II (9) . The identity of the purified protein was confirmed by N-terminal amino acid sequence analysis. The sequence Ala-Asn-Phe-Asn-Val-Pro-Lys-Leu-Gly-Val was determined, and it was identical to that deduced from the sequence of the gene (9), except for the first Met residue had been removed.
A very similar protocol was used for the purification of 35 S-labeled P2. In this case, however, the last gel filtration step was omitted, due to the smaller amount of protein in the samples. The purity of this preparation was at least 90%, as judged by SDS-PAGE and densitometry of the stained gels. P2   FIG. 1 . Purification of protein P2. Samples were taken at different purification stages and analyzed by SDS-PAGE, and the gels were stained with Coomassie blue. Lanes: 1, disrupted HMS174(pMG59) cells prior to induction; 2, disrupted cells after induction; 3, cleared supernatant after ultracentrifugation; 4, pooled fractions after chromatography on Resource Q; 5, P2-containing fractions after phenyl-Superose chromatography; 6, purified P2 after gel filtration. The values on the left indicate the molecular masses of several marker proteins. appeared to be a soluble protein. The hydrophilicity displayed by the purified protein was tested by Triton X-114 phase separation experiments (11) . 35 S-labeled P2 was found in the water phase.
Purified protein P2 is a stable asymmetric monomer. To determine the apparent molecular mass of the isolated protein, P2 was first subjected to rate zonal centrifugation, gel filtration, and cross-linking. In sucrose gradients, P2 sedimented to a position corresponding to a molecular mass of about 40 kDa. Gel filtration experiments indicated a molecular mass of approximately 95 kDa. Incubation of the protein with increasing amounts of glutaraldehyde did not result in detectable crosslinking products (data not shown). Taken together, these results indicate that purified protein P2 is an asymmetric monomer. To confirm this, protein samples at three different concentrations were subjected to analytical ultracentrifugation. Sedimentation equilibrium experiments indicated that the concentration profiles could be fitted by a single-species model with apparent molecular masses of 63,152 Ϯ 189 (0.5 mg/ml), 63,642 Ϯ 276 (0.7 mg/ml), and 58,372 Ϯ 406 (2 mg/ml) Da (Fig.  2) .
To gain information on the structure and stability of protein P2, the CD spectra of the protein were recorded at different temperatures. Figure 3A shows the typical CD spectrum of the protein recorded at 20°C (closed circles). The minimum observed at 216 nm together with the analysis of the spectrum, done by using the software and model compound libraries provided by the manufacturer of the spectropolarimeter, suggested that the secondary structure of P2 is predominantly (about 50%) ␤-sheet, with only about 20% ␣-helices. These values are in good agreement with those obtained by the sequence-based secondary-structure prediction (24) .
Protein P2 was stable up to 60°C, as no significant changes in its CD spectrum were seen upon heating. Above this temperature, however, some spectral changes were observed. These changes were shown to be irreversible, since cooling of the sample to 20°C did not restore the original spectral properties of the protein (Fig. 3A) . These results suggest that denaturation of the protein occurs at temperatures above 60°C. To confirm this, the effect of heat on the biological activity of P2 was tested by the adsorption inhibition assay. The ability of P2 to inhibit 14 C-labeled PRD1 adsorption was drastically diminished at temperatures above 70°C (Fig. 3B) , which is in good agreement with the CD data.
Recombinant P2 is biologically active and has high affinity for its receptor. PRD1 infects various gram-negative bacteria containing a receptor-encoding conjugative plasmid, such as IncP plasmid RP4 (14, 41, 43) . The biological activity of recombinant P2 was studied by using bacteria (S. typhimurium DS88) expressing the phage receptor. The ability of P2 to bind to the receptor was analyzed indirectly by determining its ability to interfere with phage binding. If P2 occupies the receptor sites at the cell surface, infective phage particles are not able to attach to the cells. This was measured as increasing radioactivity ( 14 C-labeled PRD1) or plaque count in the supernatant fraction. The activity of P2, both as purified protein and in cell extracts, was tested and compared by using the radioactive phage adsorption method. The amount of protein used was adjusted on the basis of SDS-PAGE analysis. The two preparations were equally active (data not shown), as was the 35 Slabeled protein (tested by the phage plaque assay). The stability of P2 was monitored during its storage under different conditions. The protein could be stored on ice for at least 3 months with no detectable loss of activity. The biological activity of P2 was also preserved when it was frozen at Ϫ20 or Ϫ80°C. Treatment with 8 M urea or 5 M GuHCl, followed by subsequent dilution of the denaturing agent, did not abolish the ability of P2 to interfere with phage adsorption (data not shown).
The expression of the PRD1 receptor can be increased from the original level by using recombinant receptor-encoding plasmids (20, 30) . We tested the binding of P2 to three different cell types, S. typhimurium DS88 and E. coli JE2571(RP4) and JE2571(pML123, pWP471). The numbers of receptors in these cells are approximately 60, 25, and 80 per cell, respectively (20, 30) . In DS88 and JE2571(RP4) cells, the receptor complex is encoded by the original IncP plasmid but expressed in different bacterial backgrounds. In JE2571(pML123, pWP471), genes needed for phage adsorption (the RP4 DNA transfer genes trbB-L and traF; 26, 27, 31, 54) are inserted into multicopy plasmids. Figure 4A shows that the amount of P2 needed to inhibit phage adsorption decreases as the number of receptor complexes decreases.
In another set of experiments, the binding of 35 S-labeled P2 to the three different bacterial strains was measured directly (data not shown). The Scatchard transformation of the data obtained for the binding of 35 S-labeled P2 to JE2571(pML123, pWP471) cells is shown in Fig. 4B . From the slope of the line, a K d of 0.20 nM, the mean of two independent experiments, was obtained. Duplicate, independent experiments performed with the other two bacterial strains resulted in K d values of 0.19 and 0.18 nM for DS88 and RP4 cells, respectively. These results indicate a very high affinity of the phage adsorption protein for its receptor.
Stable DNA packaging is secured by protein P2. Binding of a phage by its adsorption protein to the host must trigger the next step in the infection process. In order to study the role of protein P2 in DNA release from the phage particle, we compared the stability of DNA-containing wild-type and two P2-deficient mutant PRD1 particles (sus170 and sus539) by monitoring the physical properties of highly purified preparations. The wild-type virion preparation did not show any increase in viscosity and displayed a single sedimenting zone in rate zonal centrifugation, even after 3 weeks of storage at 4°C. Increasing viscosity was seen in both of the mutant particle preparations, and it was detectable already a few hours after virus purification. In rate zonal centrifugation experiments, only a barely detectable virus zone was obtained with mutant particles stored at 4°C overnight and practically all of the material was found in the pellet due to aggregation. Electron microscopy of negatively stained P2
Ϫ particles revealed an increasing number of empty particles with an extended tail structure (Fig. 5) . The tails of adjacent particles had a tendency to associate to form larger aggregates. The viscosity of the preparations was abolished by DNase treatment, allowing electron microscopy examination to be made, as well as showing that the cause of viscosity in the preparations was the DNA released from the particles. Electrophoresis of the DNase-treated preparations also confirmed the sensitivity of the mutant particle DNA to DNase (data not shown). These experiments were carried out in 20 mM Tris-HCl (pH 7.4) buffer. It was found that the P2 Ϫ particles were more stable in potassium phosphate buffer (pH 7.2). They behaved the same as the wild-type particles in rate zonal centrifugation assays, and no considerable increase in viscosity was observed after 3 weeks of storage at 4°C.
Protein P2 is a virion surface component that signals to the phage membrane. P2 was used as the antigen to produce polyclonal antibodies in a rabbit. Both serum and purified IgGs were tested for the ability to recognize 35 S-labeled P2. The recognition of the labeled protein could be detected by a radioimmunoprecipitation assay (0.5 g of P2/100 l, 1:50 serum or IgG dilution; data not shown). In Western blotting, the antigen could be detected at antibody dilutions as high as 1:20,000 (Fig. 6B) . Both P2 antiserum and the purified IgG fraction recognized and inactivated the intact virus, the highest antibody dilution giving a 50% reduction in plaque count being 1:50 (virus concentration, 1.2 ϫ 10 3 PFU/ml; data not shown). To determine whether P2 is on the virion surface, we took advantage of the anti-P2 antibodies.
14 C-labeled PRD1 wildtype and P2
Ϫ mutant particles were purified, and the ability of anti-P2 serum to aggregate these particles was tested in a precipitation assay. In the purification of P2 Ϫ particles, potassium phosphate was used instead of Tris buffer (used for the wild-type virus), as the integrity of the P2 Ϫ virions was maintained in phosphate but not in the Tris buffer (see above). Anti-P2 serum and IgGs aggregated wild-type virus particles at the high virus concentration (5 ϫ 10 9 PFU/ml) used, even at high antibody dilutions, as shown in the 14 C-labeled PRD1 precipitation assay (Fig. 6A) . Under the same conditions, mutant P2-deficient particles were not aggregated (Fig. 6A) . Also, purified P2 blocked precipitation, confirming the specificity of the antiserum (data not shown). Virus aggregation was also observed by electron microscopy in samples containing wildtype and mutant (defective in DNA packaging protein P9) PRD1 particles but not with mutant particles devoid of the adsorption protein P2 (data not shown). Together, these results indicate that the P2 molecules are distributed around the virion surface. This also explains the need of high antibody concentrations for inactivation of the virus but low concentrations for its aggregation. Previous virus disruption studies suggested that protein P2 is associated with the phage membrane while the major capsid protein P3 and a minor protein P5 are released as soluble proteins (2) . However, P2 could be dissociated from the virion by heat, high pH, or low SDS concentrations, and thus, a peripheral membrane association was suggested (17) . Recent studies revealed that on mutant particles lacking the pentameric vertex protein P31, proteins P2 and P5 were also missing (45) . To further characterize the suggested P2 membrane association, we determined the distribution of the fivefold vertex proteins (P31, P5, and P2; 45) in sucrose gradient fractions of disrupted phage particles by using specific antisera. Under the centrifugation conditions (2) used, phage membrane aggregates sedimented to the bottom of the tube whereas released proteins remained at the top of the gradient. Under these conditions, intact virus particles formed a single sedimenting zone. When virus disruption was performed in phosphate buffer, both P2 and P31 were found in the membrane fraction while P3 and P5 remained at the top ( Fig. 6C; 4) . In Tris buffer, P2 and P31 were also detached from the membrane and behaved like soluble proteins in rate zonal centrifugation (Fig.  6C) . Together, these results and studies on the capsid fivefold organization (45) indicate that P2 and P31 are in contact with the phage membrane. Since P2 seems to be a soluble protein, its association with the membrane most probably occurs via interaction with P31.
Both empty and DNA-containing PRD1 particles bind irreversibly to the cell surface. The phage-receptor interaction is classically considered to occur in two steps: (i) recognition and binding and (ii) transformation of this interaction to the DNA penetration step. The binding of the PRD1 adsorption protein P2 to cells was found to be reversible (see determination of the binding constant). However, PRD1 virions bound to the host cannot be detached from the cells under the conditions studied. In LB medium, after 15 min of adsorption and four subsequent extended washing steps (incubation for 30 min at 22°C), about 65% of both empty and DNA-containing phage particles were associated with cells (data not shown), suggesting that virions are irreversibly bound. Also, if a reversible complex exists between the phage and its receptor, one might expect this complex to be dissociated by a high salt concentration. No significant release of either empty or filled particles adsorbed to cells could be detected when increasing amounts of NaCl (up to a 500 mM final concentration) were added after the adsorption period of 15 min (data not shown). Since empty phage particles are as tightly bound to the cells as are the DNA-containing particles, we conclude that in PRD1 infection, DNA penetration is not a prerequisite for irreversible binding.
DISCUSSION
Recombinant P2 can be produced as a stable, biologically active monomer. By estimating the protein concentration of the 35 S-labeled P2 preparation and subsequently measuring the amount of label associated with a defined number of cells, we can calculate the number of P2 molecules bound per cell. Taking into account the number of receptors in RP4-containing cells, a very low number of P2 molecules (close to one) per receptor is obtained. This is consistent with a model in which one P2 molecule mediates the connection between the phage and its receptor.
The anti-P2 serum readily aggregated PRD1 particles. This is in accordance with the idea that protein P2 has a distal location in the spike complex. On the other hand, virus disruption studies revealed that spike complex proteins P31 and P2 are associated with the membrane while the shell composed of major capsid protein P3 is dissociated. It appears that association of the receptor recognition-DNA injection device with the membrane (at the vertices) is independent of the viral protein shell. This is also supported by the previous report that removal of the viral membrane with detergents leaves the protein shell intact except that the fivefold structures are removed with the membrane (15, 34) . Recent studies on the organization of the capsid fivefold spike complex indicated that the main protein involved in the DNA packaging, P9, does not interact with the adsorption spike structure (45) . These results are consistent with a model in which the DNA packaging machinery occupies a particular vertex of the virion, the remaining 11 vertices being occupied by the spike structure. We cannot, however, exclude the possibility that all of the vertices are identical but with independent DNA packaging and injecting machineries. The latter possibility is less favored based on comparisons to other dsDNA phage packaging systems, in which a multiprotein complex is associated with a specific vertex (28) . Both models imply, if P2 is considered as a monomer, either 11 or 12 copies of P2 per virion, values very close to the stoichiometry of 10 determined biochemically by Davis et al. (21) .
The two P2-deficient mutants studied, sus170 and sus539, package DNA and do not lack any other structural protein. In Tris buffer (but not in phosphate buffer), these purified mutant particles, unlike the wild-type particles, spontaneously eject DNA and display the tail-like structure presumably involved in DNA ejection (33) . Tris buffer destabilizes membranes. This effect was also observed in the virus disruption studies. Removal of P2 apparently allows Tris molecules to gain access to the phage membrane, triggering DNA ejection and tail tube formation. The above observations can be extended into a model in which protein P2 secures the DNA injection process. Most probably, the association of P2 with the receptor signals, possibly by P2 removal, the activation of the injection process. This P2-receptor association leads to irreversible binding and is independent of the DNA content of the virion, as empty phage particles were found to be as tightly bound to the cells, as were the DNA-containing particles. The tail-like structure is most probably involved in the stabilization of the virus-cell contact. The tail formation is dependent on several phage-encoded proteins, and the involvement of P18 has been previously reported (2) . Also, a mutation in gene XXXI prevents tail tube formation and results in loss of the capsid fivefold structure (proteins P2, P5, and P31) and the peripentonal trimers of major capsid protein P3 (45) . Since the tail-like structure is readily observed in the P2-deficient mutant, it is likely that P5 and/or P31 contribute to its formation. A noteworthy consequence of this model of DNA injection is that the tail structure would extrude through the particular vertex that makes the contact with the receptor. This mechanism would differ from that of other dsDNA phages, in which the DNA entry and exit vertices are the same, but might be more similar to the one used by adenoviruses, in which all of the fivefold structures are metastable. If there were a specific ejection vertex, the receptor binding should lead to a complex signalling and orientation procedure to ascertain that the tail is ejected toward the cell surface.
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